Background Concurrent sexual partnerships are widely believed to be one of the main drivers of the HIV epidemic in sub-Saharan Africa. This view is supported by theoretical models predicting that increases in prevalence of concurrent partnerships could substantially increase the rate of spread of the disease. However, the eff ect of concurrent partnerships on HIV incidence has not been appropriately tested in a sub-Saharan African setting.
Introduction
Concurrent sexual partnerships are widely held to be one of the primary drivers of the HIV epidemic, especially in sub-Saharan Africa, [1] [2] [3] where about twothirds of the world's HIV-positive population live and more than 70% of all new HIV infections occurred in 2008. 4 This view is supported by theoretical mathematical models predicting that under specifi c conditions, small increases in the prevalence of concurrent partnerships could substantially increase the rate of spread of HIV. [5] [6] [7] Consequently, researchers have argued that reduction of concurrent partnerships should be a major focus of global HIV prevention strategies. [8] [9] [10] [11] In contrast to serially monogamous sexual partnerships, concurrent partnerships are thought to allow an increased rate of spread of HIV by linking up what would otherwise be discrete sexual networks in time and space. Additionally, being in a concurrent relationship could increase the probability of an infected individual having sex with a susceptible partner during the acute HIV infection stage, when there is higher potential for onward transmission of the virus. However, to date there is no clear empirical evidence to show the eff ect of concurrent partnerships on the rate of new HIV infections. 12, 13 Measurement of any eff ect of concurrency on risk of new infection poses a challenge for standard individualfocused epidemiological methods, in which populations are usually viewed as collections of individuals, rather than as meaningful entities with inherent properties related to the likelihood that individuals within them acquire disease. 14 Having concurrent partners is not expected to change an individual's risk of acquiring HIV, provided that partner concurrency does not increase an individual's cumulative number of unprotected sex acts. However, for the two reasons described above, concurrency could increase the rate of HIV spread through a population. 2, 6 Consequently, studies that test the association between partnership concurrency and infection status at an individual level have been labelled as "theoretically misguided and empirically irrelevant" by proponents of the theory. 15 Hence, to test the concurrency hypothesis appropriately, the focus has to be shifted away from an individual's own sexual behaviour patterns and onto the behaviours of the individuals in the network of people from whom an HIV-negative person is likely to choose a sexual partner.
To test this transmission dimension of the concurrency theory and try to fi nd empirical support for the hypothesis, we followed up a large, population-based cohort of HIV-negative women in a rural South African population over 5 years and quantifi ed the eff ect of the sexual behaviour profi les of men in the surrounding local community (from which an HIV-negative individual most often chooses a sexual partner) on their individual risk of acquiring an infection. We used detailed geographical data and a novel spatial statistical method to create unique virtual communities around each woman to derive sensitive and realistic community-level sexual behaviour estimates of men in the surrounding community. We then used a multi variable statistical model to contrast the increased risk of infection in an HIV-negative woman living in a community with high numbers of reported lifetime sexual partners in men (a widely accepted and robust index of risky sexual behaviour) against that of a woman living in a community with a high prevalence of male concurrent sexual partnerships.
Methods

Setting
This population-based cohort study used data from one of the most comprehensive demographic surveillance sites in Africa-the Africa Centre Demographic Information System. 16 The site has collected sociodemographic information on a population of 87 000 individuals within a circumscribed geographic area (434 km²) in rural KwaZulu-Natal, South Africa, for more than a decade. All individuals under surveillance are geolocated to their respective homesteads (accuracy <2 m). 17 With the exception of the township, the homesteads in the study area are scattered across the landscape and are not concentrated into villages or compounds as they are in other parts of Africa.
Nested within the demographic information system are the population-based HIV surveillance and sexual behaviour surveys, which take place annually in all consenting resident individuals aged 15 years or older. After written informed consent was given, fi eldworkers obtained blood by fi nger prick and prepared dried blood spots for HIV testing according to Joint UN Programme on HIV/AIDS and WHO guidelines. 18 The Africa Centre's HIV cohort is open-ie, individuals continually enter the cohort when they reach the age of 15 years or migrate into the area and leave it because of death or outmigration. 60% of individuals contacted agreed to be tested at least once. More than 24% of the adult population are infected with HIV and infection peaks at more than 50% in women aged 25-29 years and 44% in men aged 30-34 years. 19 The rate of new infections remains high and fairly constant over time at around 3·2 new infections per 100 person-years 20 and peaks in women at 7·5 per 100 person-years (at age 24 years) and in men at 5·0 per 100 person-years (at age 29 years). These longitudinal HIV incidence estimates have been independently confi rmed using a locally calibrated test of recent HIV infection in a cross-sectional sample of individuals. 21 The population is characterised by low rates of marriage with only 31% of women and 23% of men ever having been married and 14% of those marriages being polygamous for men.
22
Sexual behaviour survey
We used data from a questionnaire about sexual partnership patterns undertaken in 2004 from 2699 men (of whom 2153 were sexually active) who were aged 15-55 years and were resident in the surveillance area.
16
63% of men contacted agreed to participate in the survey. Men's sexual behaviour data was used because of the well documented greater reluctance of women compared with men to report on multiple sexual partnerships. 23 Participants were asked how many sexual relationships they were currently in and how many lifetime sexual partners they had had. Men were coded as having concurrent partners if they reported currently being in more than one sexual relationship.
Construction of community-level variables
To produce robust estimates of the sexual behaviour variables that vary across continuous geographical space, we used a Gaussian kernel method. 17, 24 The method does not impose any static geographical boundaries on the data and resulted in communitylevel estimates that were both sensitive to local variations and robust. Data from 2153 sexually active men were plotted on a map of the study area consisting of a grid of 30 m × 30 m cells in Idrisi Taiga (Clark University, Worcester, MA, USA). We then passed a standard Gaussian kernel of search radius 3 km (total area 28 km²) across the map to derive communityspecifi c measures of the point-prevalence of partnership concurrency (a robust population-level indicator of concurrency 25, 26 ) and mean numbers of lifetime partners. The kernel moved systematically across the map and for each cell calculated a Gaussian-weighted estimate of mean lifetime partners and concurrency prevalence within a search radius of 3 km (fi gure 1). A median of 285 (IQR 104-491) men were included in each community-level calculation. The resulting estimate was then placed onto a new map at the same location as the central cell. The kernel was moved one cell to the right (and then down one row at the end of the row) and the process was repeated. We then standardised the resulting community measures of sexual behaviour against the eligible population of the sexual behaviour survey using 10-year age-bands to adjust for diff erences in age distribution across the surveillance area. Additionally, we derived male HIV prevalence (n=4982) across the study area for the 2004 HIV survey using the same method.
In this population, partner choice is strongly aff ected by geography and 61% of women reported at least one partnership with a man in the same immediate isigodi (a Zulu term for a small community headed by a local chief, which have a median area of 16·9 km²) during the observation period. However, in view of the scattered distribution of the population and because the optimum size of the individual's community was not precisely known, we investigated the potential eff ect of the size and shape of the kernel, producing estimates with kernels of 2·5 km, 3·0 km, and 3·8 km radii, which evaluated an area of between 19·6 km² and 45·4 km². We also checked the potential eff ect of the weighting in the kernel by deriving estimates from kernels of SD 1 and 3. The smaller the search radius used in the kernel, the greater the range in community-level estimates obtained and the greater the sensitivity to local variation in the resulting estimates. The use of a large kernel will result in smoothing towards the mean and important geographical variation in the outcome variable might be lost.
Statistical analysis
We followed up 7284 women who were HIV negative at baseline, were tested at least twice during the study period (2004-09), and were resident in the surveillance area at least 50% of the time (only 273 did not meet the latter criterion). Each woman was geolocated to her homestead of residence and the estimated mean number of lifetime partners and point-prevalence of concurrency of men in the surrounding unique local community (as calculated with the Gaussian kernel of search radius 3 km) was extracted. We then used an interval-censored parametric survival analysis of time to HIV seroconversion to investigate the eff ect of mean number of lifetime partners and point-prevalence of concurrency of men in each woman's virtual community on her hazard of HIV acquisition. The survival model assumed that time to seroconversion followed a Weibull distribution and accounted for the fact that few individuals were tested every year (on average 1·8 years) and therefore precise seroconversion times were not known 27 (a detailed description of statistical methods is shown in the webappendix pp 1-2). The resulting estimates from the survival analysis were adjusted for other important individual-level determinants of HIV incidence in the study population (age, number of years in education, wealth tertile, urban locale, marital status, and reporting more than one partner in the previous 12 months over the duration of the study 28 ) and male community-level HIV prevalence. Survey participants were not required to answer all questions, and thus data were missing for the covariates age, marital status, wealth, years of education, and sexual behaviour. A complete case analysis of these covariates would include 5364 of the 7284 eligible women in the cohort. Coverage was lowest for women's sexual behaviour data (75%). To account for missing covariate information in the incidence cohort, we used a multiple imputation procedure with fi ve imputed datasets. 29 Hazard ratios, standard errors, and test statistics were adjusted appropriately to account for the imputation procedure. All analyses were done with Stata (version 11.0).
To assess the potential role of the size and shape of the community on the results of the statistical analysis, we did a full set of parallel statistical analyses for kernels of diff erent sizes and shapes. Additionally, we ran the analysis using an alternative community-level index of partnership concurrency-mean numbers of concurrent partners. Furthermore, we ran a secondary analysis to assess the eff ect of combined community-level male and female sexual behaviour (derived from 2153 men and 4815 women) on the hazard of HIV acquisition in 
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Age (years) 11 861 participants of both sexes who had undergone repeat testing.
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The funders had no role in the design and conduct of the study, interpretation of the data, or approval of the report. The corresponding author had access to all study data and made the fi nal decision to submit for publication.
Results
Over the duration of the study (2004-09), we measured an incidence of 3·60 cases (95% CI 3·33-3·87) per 100 personyears (693 new female infections in 19 275·58 person-years of follow-up). The overall point-prevalence of men reporting concurrent partners in the 2004 sexual behaviour survey was 23·2% (95% CI 21·8-24·7). Among men who reported being sexually active, 28·9% (95% CI 27·0-30·8) reported having two or more concurrent partners and the median number of reported lifetime partners was fi ve (IQR three to eight). The geographical analysis revealed substantial variation in men's sexual behaviour across the diff erent communities of the study area (fi gure 2). The estimated agestandardised point-prevalence of sexually active men in concurrent relationships varied between 4·0% and 76·3% (mean 31·5%) and standardised mean number of reported lifetime sexual partners varied between 3·4 and 12·9 (mean 6·3) in communities across the surveillance area. There were clear disparities between the two indices in many areas. For example, on the eastern side of the study area around the township (characterised by the highest HIV prevalence 17 ) communities are characterised by high numbers of reported lifetime partners, but low prevalence of partnership concurrency. Substantial diff erences also occurred along the western boundary of the study area, 
Marital status (vs single)
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Intermediary wealth HR=hazard ratio. *Derived from male sexual behaviour in the surrounding local community with a standard Gaussian kernel (radius 3 km) around each woman in the cohort (fi gure 2). †Includes both male community-level mean lifetime partners and prevalence of concurrent partnerships covariates. ‡Unadjusted hazard ratio, 1·26 (p<0·0001).
Table 2: Full output from interval-censored parametric survival analysis showing the eff ect of community-level mean lifetime partners and prevalence of partnership concurrency in men on a woman's hazard of acquiring HIV infection (N=7284)
See Online for webappendix where partnership concurrency was highly prevalent, but where numbers of lifetime partners were generally low. At an ecological level, female HIV incidence did not diff er by prevalence of male concurrency in the surrounding local community (fi gure 3). With respect to reported lifetime partners, a clear exposure-response relation was evident. Communities with the highest number of lifetime partners in men had the highest HIV incidence in women. Table 1 shows the characteristics of women in the cohort and number of HIV seroconversions reported. At an individual level, age, place of residence (urban or rural), marital status, years of education, and reporting of more than one partner in the previous 12 months (at least once during follow-up) were all signifi cantly associated with a woman's hazard of HIV acquisition (table 2) . Being in a polygamous marriage was not associated with hazard of HIV acquisition in our analyses, but only 242 women (3%) in the cohort reported being married to a polygamous man. For every 10% increase in communitylevel HIV prevalence in men, the hazard of HIV acquisition in women increased by 26% (p<0·0001). After adjustment for individual risk factors and sexual behaviour profi les of men in the surrounding community, the hazard ratios decreased to 1·17-1·20 in the three models shown in table 2.
The mean number of reported lifetime sexual partners in men in the surrounding local community strongly predicted risk of HIV acquisition in HIV-negative women (both before and after adjustment for individual-level sexual behaviour, demographic, socioeconomic, and environmental factors associated with HIV acquisition; table 2). For every unit increase in mean number of lifetime partners for men at a community level, the corresponding hazard of HIV acquisition in women increased by 8% (p=0·004). In other words, an HIVnegative woman living in a community with high numbers of reported lifetime partners in men (>12) has nearly double the hazard of HIV acquisition, after adjustment for other factors, compared with a woman living in a community with low numbers of reported lifetime sexual partners (fewer than four). By contrast, living in a community with high levels of male concurrent partnerships was not associated with an increased risk of HIV acquisition to the woman even after adjustment for individual-level factors and reported numbers of lifetime partners in the surrounding community (p=0·730).
The results were robust to the size and shape of the virtual community (kernel) and an alternative populationlevel indicator of partnership concurrency-mean numbers of concurrent partners (table 3) . Restriction of the analysis only to women who had been resident in the study area for the full period of follow-up (n=6534) similarly had no eff ect on the fi ndings (for mean lifetime partners, p=0·001; for concurrency prevalence, p=0·644). The results also remained consistent in a secondary analysis that assessed the eff ect of standardised community-level male and female sexual behaviour on the hazard of HIV acquisition of 11 861 repeat HIV-testers of both sexes (webappendix pp 3-4).
Discussion
Our work constitutes a formal test of the eff ect of concurrent partnerships on HIV incidence in this setting (panel). By shifting the focus away from an individual's own sexual behaviour patterns and onto the sexual behaviour profi les of the surrounding local community, we have tested the transmission dimension of the concurrency theory. The study took place in an area with one of the highest population-based prevalences of HIV
HR (95% CI) p value
Gaussian 3·8 km radius (SD 1)
Mean lifetime partners
Unadjusted 1·12 (1·06-1·20) 0·0002
Adjusted A 1·11 (1·04-1·18) 0·002
Adjusted A+B 1·12 (1·04-1·20) 0·002
Prevalence of concurrency, 10% increase Unadjusted 1·00 (0·93-1·08) 0·967
Adjusted A 1·02 (0·94-1·11) 0·568
Adjusted A+B 0·97 (0·89-1·06) 0·567
Gaussian 3 km radius (SD 3)
Mean lifetime partners
Adjusted A+B 1·14 (1·02-1·27) 0·019
Prevalence of concurrency, 10% increase
Adjusted A+B 0·94 (0·83-1·06) 0·291
Gaussian 2·5 km radius (SD 1)
Prevalence of concurrency, 10% increase Unadjusted
0·99 (0·93-1·05) 0·888
Adjusted A 1·02 (0·96-1·08) 0·628
Adjusted A+B 1·00 (0·94-1·06) 0·718
Gaussian 3 km radius (SD 1), mean number of concurrent partners*
Unadjusted
1·06 (0·87-1·29) 0·553
Adjusted A 1·10 (0·90-1·35) 0·329
Adjusted A+B 0·88 (0·69-1·14) 0·332
HR=hazard ratio. The unadjusted model includes only the male community-level sexual behaviour covariate. The adjusted A model includes one of the community-level sexual behaviour covariates and community level HIV prevalence (male), partners in past 12 months, marital status, years of education, urban locale, wealth tertile, and age. The adjusted A + B model included all the independent variables included in model A (in the row immediately above) and the community-level sexual behaviour covariate not included in model A. *An alternative community-level indicator of partnership concurrency. Table 3 : Sensitivity analysis of the eff ect of size and shape of the kernel (used to derive the male community-level sexual behaviour variables) and an alternative community-level concurrency measure on a woman's hazard of HIV acquisition (N=7284)
documented worldwide 19 and where there are large variations in the level of male partnership concurrency across the population. However, these diff erences in the prevalence of male concurrency did not translate into detectable diff erences in prospective incidence of HIV in women. The results were robust to diff ering defi nitions of community and held after we controlled for demographic, socioeconomic, behavioural, and environ mental factors. Furthermore, the results also held at an ecological level and for the secondary analysis that quantifi ed the eff ect of combined male and female sexual behaviour at a community level on the incidence of all participants (male and female) in the cohort. We were therefore unable to fi nd any evidence to support the belief that concurrent partnerships are an important driver of the rate of spread of HIV infection in this hyperendemic setting. At the same time, the relation between numbers of lifetime partners in the community and risk of new infection provides strong and robust evidence of the eff ect of multiple partnering on HIV transmission and emphasises the importance of the characteristics of local community on spread of the virus (over and above an individual's characteristics and behaviours). This strong independent association is indicative of the fact that mean number of lifetime partners proxies for rate of partner turnover during the study period and thus men living in communities with high numbers of lifetime partners (relative to the age-profi le of the community) continue to have (on average) higher numbers of sexual partnerships.
As in any observational study involving collection of data for sexual behaviour and HIV acquisition, the possibility of bias aff ecting the results must be considered and discussed. Importantly, selection on the independent variables in the multivariable survival analysis would not have biased the hazard coeffi cient estimates. Thus, the hazard coeffi cients will not be aff ected by selection on age, education, wealth, urban versus rural residence, marital status, HIV prevalence, community-level concurrency, and partners reported in the last 12 months. Of course, a randomised controlled trial could further improve the strength of the evidence for concurrency eff ects, because it would allow us to control for selection on both known or unknown factors, but such a study is not feasible. By using a community-level estimate of concurrency as a surrogate measure for the concurrency practices of a participant's partner or partners in our analyses, we would naturally expect some attenuation of any concurrency eff ect. However, this attenuation would also apply to the community lifetime partners covariate, which is a signifi cant predictor of HIV acquisition in our analysis, and thus attenuation would be unlikely to account for the null fi nding on the eff ect of concurrency on HIV acquisition.
A limitation of the study is that data for concurrency and lifetime partners were obtained only at the beginning of the study in 2004. We therefore assumed that no large systematic shifts in patterns of male sexual behaviour at a community level have taken place during the study. Such systematic shifts are unlikely, but nevertheless the theoretical possibility remains. Another limitation is that we were unable to control for all exposures outside an individual's geographically defi ned community-for example, women with migrant partners who return home periodically. However, since partner choice has a strong local geographical dimension, we would still expect to be able to show an eff ect (at an ecological or individual level) if concurrent partnerships were playing an important part in transmission.
The evidence for the concurrency hypothesis has been reviewed extensively elsewhere. 13 However, our fi ndings using individual-level longitudinal data for HIV seroconversion are in agreement with those of other studies that have not shown any association between partnership concurrency and HIV prevalence at a city or a country level. 30, 31 Similarly, a study in South Africa 32 on intimate partner violence and HIV incidence in women found no relation between respondents' reports of the likelihood that their partner had other partners and risk of HIV acquisition. A small study in Malawi 33 that attempted to investigate the association between
Panel: Research in context
Systematic review
Although theoretical mathematical models suggest that concurrent sexual partnerships could account for the rapid spread of HIV in sub-Saharan Africa, a recent systematic review 13 concluded that there is no empirical evidence to show that the kinds of concurrent partnerships found in Africa produce more rapid spread of HIV than do other forms of sexual behaviour. Provision of such evidence is not straightforward, however, because partnership concurrency is a risk factor for disease transmission and spread through a population and not of individual risk of disease acquisition (provided that having concurrent partners does not increase an individual's cumulative number of sex partners or unprotected sex acts).
Interpretation
Our study is the fi rst to examine the eff ect of prevalence of concurrency in the surrounding local community on an individual's risk of HIV acquisition. By shifting the focus away from an individual's own sexual behaviour patterns and onto the sexual behaviour profi les of the surrounding local community, our study has tested the transmission dimension of the concurrency theory in a typical rural South African population with high HIV prevalence. Although the mean number of lifetime partners of men in the immediate local community was independently predictive of hazard of HIV infection in women, a high prevalence of partnership concurrency in the same local community was not associated with any increase in risk of HIV acquisition. Our data therefore provide no evidence to suggest that the high rate of new HIV infections is being driven by the segment of the sexually active population reporting concurrent sexual partners (29% of men and 2% of women). Our fi ndings suggest that in similar hyperendemic sub-Saharan African settings, there is a need for clear messages aimed at the reduction of multiple partnerships, irrespective of whether those partnerships overlap in time. However, the absence of an eff ect of concurrency on HIV incidence in this setting should not be taken to necessarily mean that high levels of concurrent partnerships could not have played an important part in the initial stages of the HIV epidemic in this population or continue to play a part in other specifi c epidemic settings.
partnership measured the correlation between HIV serodiscordance and concurrency in couples in Likoma Island. The results suggested that concurrent partnerships increased exposure to HIV infection. However, the use of prevalent (as opposed to incident) infection, the small sample size (142 couples), and the possibility of selection bias (in only 23% of concurrent partnerships were both partners tested for HIV) make it diffi cult to draw any robust inferences.
To spread widely, HIV infection has to have a high basic reproductive number, which will depend on the likelihood of transmission and the contact pattern throughout the population. 34 Theoretically, concurrency along with high rates of partner turnover in key individuals can increase the spread of infection, as can factors such as high viral loads 35 and the presence of other sexually transmitted infections. 36 The present high incidence of infection in this population is possible because of the high prevalence of infectious individuals and the number of partners they have over time. What initially drove the rapid spread of infection is uncertain, but it has to have been a function of contacts and transmission patterns to which concurrency might have contributed. Hence, the absence of a positive concurrency fi nding in this hyperendemic setting should not be taken to necessarily mean that high levels of concurrent partnerships could not have played an important part in the initial stages of the HIV epidemic in this area or indeed continue to play a part in other specifi c epidemic settings. Additionally, as noted previously, formal polygamous marriages (a form of partnership concurrency that could be protective for acquisition of HIV 37 ) occur in the study area although fairly rare (3% of women in the cohort). Therefore, application of our methods to other study sites where the local epidemiology of HIV diff ers will be important. In the early stages of the HIV epidemic, when the disease is concentrated mainly in high-risk populations, it seems plausible that partnership concurrency could increase the rate at which HIV spreads outside these groups to the general population.
There is a growing debate about the relative merits of, and empirical evidence for, the eff ect of concurrent partnerships on the HIV epidemic in Africa. 2, 10, 12, 13, 15 A systematic review of the empirical evidence for the concurrency theory concludes, "promoters of the concurrency hypothesis have failed to establish that concurrency is unusually prevalent in Africa or that the kinds of concurrent partnerships found in Africa produce more rapid spread of HIV than other forms of sexual behaviour." 13 Currently, several countries are planning or implementing HIV prevention strategies that specifi cally target the reduction of concurrent sexual partnerships. 25 The dwindling funds available for HIV programmes worldwide 38 and the diffi culties of design and implementation of culturally sensitive messages around partnership concurrency, combined with the absence of empirical evidence for an eff ect, make these interventions a diffi cult investment to justify. Furthermore, there is a danger of such messages inadvertently giving the impression that having many serially monogamous partnerships does not place an individual (and his or her partners) at signifi cant risk of infection. Thus, rather than "developing a hierarchy of messages beneath the core theme of concurrent partners reduction", 11 messages should be limited to specifi c behaviours and biological factors with proven eff ect on HIV acquisition or transmission as part of a combination prevention approach. Even where campaigns refer to both multiple and concurrent partnerships, the unnecessary appeal to reduction of concurrent partnerships is likely to dilute the message. Conversely, simplifying the public health message to reduction in multiple partnerships alone is likely to improve message clarity and eff ectiveness. 39 Our results provide clear evidence of the eff ect of multiple partnering on HIV transmission in this typical rural, high-prevalence African population. However, we fi nd no evidence to suggest that the high rate of new infections is being driven by the segment of the sexually active population reporting concurrent sexual partners (29% of men and 2% of women). Our fi ndings suggest that in similar hyperendemic sub-Saharan African settings, there is a need for straightforward, unambiguous messages aimed at the reduction of multiple partnerships, irrespective of whether those partnerships overlap in time.
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